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Abstract: For about three decades, there have been many predictions of the potential 
ecological response in boreal regions to the currently warmer conditions. In essence, a 
widespread, naturally occurring experiment has been conducted over time. In this paper, we 
describe previously modeled predictions of ecological change in boreal Alaska, Canada and 
Russia, and then we investigate potential evidence of current climate- induced change. For 
instance, ecological models have suggested that warming will induce the northern and 
upslope migration of the treeline and an alteration in the current mosaic structure of boreal 
forests. We present evidence of the migration of keystone ecosystems in the upland and 
lowland treeline of mountainous regions across southern Siberia. Ecological models have 
also predicted a moisture- stress-related dieback in white spmce trees in Alaska, and current 
investigations show that as temperatures increase, white spruce tree growth is declining. 
Additionally, it was suggested that increases in infestation and wildfire disturbance would be 
catalysts that precipitate the alteration of the current mosaic forest composition. In Siberia, 
five of the last seven years have resulted in extreme fire seasons, and extreme fire years have 
also been more frequent in both Alaska and Canada. In addition, Alaska has experienced 
extreme and geographically expansive multi-year outbreaks of the spruce beetle, which had 
been previously lim ited by the cold, moist environment. We suggest that there is substantial 
evidence throughout the circumboreal region to conclude that the biosphere within the boreal 
terrestrial environment has already responded to the transient effects of c lim ate change. 
Additionally, temperature increases and warming- induced change are progressing faster than 
had been predicted in some regions, suggesting a potential non-linear rapid response to 
changes in climate, as opposed to the predicted slow linear response to cl im ate change. 
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1.1 Introduction 

The boreal forest covers in excess of 1.2 b illi on hectares (B ha), spanning North 
America and Eurasia (Baumgartner, 1979; Stocks and Lynham, 1996). Roughly delineated 
by the 13°C mean July isotherm in the north and the 18°C mean July isotherm in the south, 
the boreal zone is typically situated between 45 and 70 degrees north latitude (Larsen, 1980). 
Two- thirds of the area of the boreal forest is located in Eurasia, and the remaining third is 
located primarily in Canada and Alaska (Hare and Ritchie, 1972). The boreal forest is 
floristically simple and consists of hardy genera of larch ( Larix ), pine ( Pinus ), spmce ( Picea ), 
and fir (Abies) interspersed with deciduous hardwoods of birch ( Betula ), aspen ( Populus ), 
willow (Salix) and alder (Alnus). Despite this relative simplicity, boreal forest composition 
results from a complex interaction between climate, solar radiation, topography, geology, 
nutrient availability, soil moisture, soil temperature, permafrost, depth of forest floor organic 
layer, ecology of species, forest fires and infestations (Heinselman, 1978; Viereck and 
Schandelmeier, 1980; West et al., 1981; Bonan, 1989a; Bonan and Shugart, 1989). This 
unique cold weather interaction creates the conditions necessary for boreal regions to store 
the largest reservoir of global terrestrial carbon (30-35%), primarily held in the organic soils 
of the forest floor (Apps et al., 1993; McGuire et al., 1995; Zoltai and Martikainen, 1996; 
Alexeyev and Birdsey, 1998). 

It is generally accepted that mean global temperatures are increasing and that the 
largest temperature increases from c li mate change are currently found in the Northern 
Hemisphere upper latitudes, where the boreal forest resides (Figure 1) (Hansen et al., 1996; 
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Balling et al., 1998; Serreze et al., 2000; IPCC, 2001). Additionally, the Intergovernmental 
Panel on Climate Change (IPCC) recently released the Second and Third Assessment 
Reports, which state “the balance of evidence suggests a discemable human influence on 
global climate” (IPCC, 2001). Moreover, paleoclimate analysis of the Northern Hemisphere 
indicates that 20 th century warming is likely to have been the largest of any century within the 
last 1000 years (Folland et al., 2001). Additionally, the 1990s are likely to have been the 
warmest decade and 1998 the warmest year in the millennium, which is not consistent with 
long-term astronomical forcings (Mann et al., 1999). 

Future c li mate scenarios predict that the largest temperature increases from cl im ate 
change will be in the Northern Hemisphere upper latitudes (Budyko et al., 1991; IPCC, 
2001). Specifically, Atmosphere- Ocean General Circulation Models (AOGCM) are in 
agreement that winter warming across the circumboreal region will be in excess of 40% 
above the global mean in 2100, which equates to 1.3 to 6.3°C (IPCC, 2001; ACIA, 2004). 
Summer warming in Northern Eurasia is predicted to exceed 40% of the global mean, and 
summer warming in the boreal regions of Europe and Canada is predicted to be greater than 
the global mean. In Alaska, there is disagreement concerning the magnitude of predicted 
summer warming. Increases in precipitation are expected in Northern Eurasia, Alaska, and 
Canada, particularly during the winter season, which is consistent with current trends as 
shown in Figure 1. However, several authors have suggested that increases in precipitation 
throughout much of the boreal region will likely be offset with increases in 
evapotranspiration (Stocks et al., 2000; Groisman et al., in press). 

Place figure 1 about here. 
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For several decades, theories and models have been used to assess and predict the 
potential ecological effects of climate change in boreal regions. Bonan et al. (1992; 1995) 
suggested that climate- induced warming would result in boreal forest expansion, which 
would decrease snow- covered land and cause further albedo- induced warming. Alternatively, 
several authors have suggested that grasslands and temperate forests would expand northward 
and boreal forest expansion would be l im ited by poor soils, permafrost, and the time required 
to migrate, resulting in decreases in boreal forest ( Riz zo and Wilken, 1992; Smith and 
Shugart, 1993b). Predictive models have often been criticized because equilibrium results 
can only be compared to a reality may be 100 years in the future. However, the transient 
effects of cl im ate change have also been a topic of discourse, and corollary research has 
resulted in numerous peer-reviewed publications. For example, Smith and Shugart (1993b; 
1993a) found that even though the equilibrium analysis suggests a net increase in potential 
terrestrial carbon stored, the transient response results in increases of atmospheric CCF of up 
to a third of the present level, which would enhance warming. 

After decades of theory-based projections and numerical model-based predictions, we 
have come to a time where it is pmdent to compare our predictions of the transient effects of 
c lim ate change with the climate- induced changes that are currently evident in our environs. 
Because boreal and arctic ecosystems he at latitudes where intense climate- induced change is 
expected to first occur, it is essential to examine these regions for in itial indications of 
climate- induced change. As it turns out, many of the transient predictions of boreal 
ecosystem change are already occurring, and this benchmark validation of the original 
suppositions and model results provides credence for the fundamental theory and future 
predictions. Additionally, much of the climate- induced change is occurring faster than 
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originally thought, suggesting potential non-linear rapid change, as opposed to a slow linear 
progression of change. 

The boreal ecozone is a keystone region where both its sensitivity to change and its 
size make it likely to affect the global c lim ate system (Figure 2). Boreal zones have the 
potential to influence c lim ate: (1) by modifying the global carbon budget by altering the 
sequestration and release of carbon (releasing stored pools of carbon); (2) by altering the 
radiation budget through emissions from fire and albedo change (land use change, burned 
landscapes and species composition change); and (3) by modifying the moisture balance. 
(Walter, 1979; Van Cleve and Viereck, 1983; Kurz et al., 1995; Harden et al., 2000; 
Kasischke and Stocks, 2000; Dale et al., 2001; French, 2002; Soja et al., 2004a; Balzter et al., 
2005). 

Place figure 2 about here. 

2.1 Objectives 

The purpose of this paper is not to serve as a review, but rather to assess the current 
state of boreal ecosystems as they relate to previous predictions of climate- induced ecological 
change. Predicted initial ecological indicators of c li mate change are: (1) an overall increase 
in fire regimes (frequency, severity, area burned, extent and longer fire seasons); (2) an 
increase in infestation (frequency, duration and extent); (3) an altered treeline; and (4) stand- 
and landscape- scale alteration of the mosaic composition of forests (age, structure and species 
composition) (Greenbank, 1963; Mattson and Haack, 1987; Clark, 1988; Bonan, 1989b; 
Overpeck et al., 1990; Flannigan and Van Wagner, 1991; Bonan et al., 1995; Stocks et al., 
1998; Fleming et al., 2002). The geographic focus of this work is on North America and 
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Russia, and the major areas of concentration are wildfire, vegetation change, and infestation 
in Alaska. 

The subjects we have chosen to circumvent may be equally or more significant, 
however the focus of this paper is on the regions and topics where models have predicted 
change and where this change has been documented. For instance, the effects of cl im ate 
change on permafrost in boreal regions (and other regions) are substantial and well- 
documented (Jorgenson et al., 2001; Anisimov and Belolutskaya, 2002; Payette et al., 2004; 
Camill, 2005), however these discussions are beyond the scope of this paper. Secondly, even 
though insect disturbance is extensive across Siberia and Canada, the authors are not aware of 
investigations that demonstrate these outbreaks are beyond the range of “normal” cycles 
(Figure 3). However, investigations have suggested that insect outbreaks will increase under 
future warmer conditions (Neuvonen et al., 1999; Volney and Fleming, 2001; Candau and 
Fleming, 2005), and anecdotally Logan et al. (2003) noted pine beetle outbreaks were 
occurring further north in British Columbia than had been previously recorded. Additionally, 
Fleming (2000) highlighted the uncertainties in estimating changes in patterns of infestation 
(i.e. population- wide genetic change) and showed that wildfire is likely to increase 3-9 years 
after spmce budworm outbreaks (Fleming et al., 2002). 

Place figure 3 about here. 

3.1 Discussion of climate -induced predictions and current landscape dynamics 

3.1.1 Wildfire as a catalyst for change in North America and Russia 

Wildfire is an integral component of boreal landscapes and is widely recognized 
throughout the circumboreal zone as a dominant driver of ecological processes (Chudnikov, 
1931; Tumel, 1939; Lutz, 1956; Rowe and Scotter, 1973; Van Cleve and Viereck, 1981; 
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MacLean et al., 1983; Kasischke and Stocks, 2000; Chapin et al., 2006a). By resolving the 
beginning and end of successional processes, wildfire maintains age structure, species 
composition, and the floristic diversity of boreal forest (Zackrisson, 1977; Van Wagner, 

1978; Heinselman, 1981; Antonovski et al., 1992). In a recent paper, Weber and Flannigan 
(1997) highlighted the significance of fine in boreal regions when they wrote “An altered fire 
regime may be more important than the direct effects of c lim ate change in forcing or 
facilitating species distribution changes, migration, substitution, and extinction.” 

Even though wildfire acts as a disturbing agent that maintains the current stability and 
mosaic structure of boreal ecosystems in a landscape- scale steady- state system (Loucks, 
1970; Furyaev and Kireev, 1979; Viereck and Schandelmeier, 1980; Shugart et al., 1991), 
climate, both means and extremes, holds the ultimate key to altering boreal ecosystems. 
Climate manifests itself in terms of temperature and precipitation, which are primary factors 
in determining succession and the distribution of forest ecosystems along gradients in boreal 
regions (Shugart et al., 2000). Climate also has the potential to affect boreal fire regimes by 
altering species composition, fire ignitions from hghtning and the weather conditions 
conducive to fire. Wildfire is a catalyst that serves two basic purposes in boreal forests: (1) a 
mechanism to maintain stability and diversity with the c lim ate and; (2) a mechanism by 
which forests move more rapidly toward equilibrium with c lim ate. 

General agreement exists that under current c lim ate change scenarios, fire frequency 
and area burned in boreal regions are expected to increase, although there may be significant 
spatial and temporal variability in the response of fire activity to c lim ate change (Flannigan et 
al., 1998). Specifically, boreal c lim ate change is expected to result in increased ignitions 
from hghtning, increased fire season length and increased fire weather severity (Street, 1989; 
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Flannigan and Van Wagner, 1991; Wotton and Flannigan, 1993; Price and Rind, 1994). 
Ignitions from lightning are expected to increase by 20 to 40% between 50 and 60 degrees 
north latitude due to the increased convective activity associated with a warmer atmosphere. 
Additionally, recent results for human- caused ignitions suggest increases of 18 and 50% for 
2050 and 2100, respectively, for Ontario (Wotton et al., 2003). 

Several investigators have used General Circulation Models (GCM) to calculate Fire 
Weather Indices (FWI) (Nesterov, 1949; Haixington et al., 1983; Van Wagner, 1987; 
Flannigan and Haixington, 1988; Haines, 1988), which relate the potential for fire events to 
meteorological variables, in order to estimate potential fire weather under 2 x CO 2 c lim ate 
change scenarios. Wotton and Flannigan (1993) estimated the length of the fire season would 
be an average of 30 days (22%) longer across Canada and up to 5 1 days longer in British 
Columbia. Using three GCMs, Flannigan and Van Wagner (1991) predicted a 46% increase 
in average seasonal severity, with a possible 40% increase in area burned. More recently, 
Flannigan et al. (2001) used Regional and GCM to determine FWI under 2 x CO 2 and 6000 
year BP (a warm period) scenarios. Results suggested that the FWI are expected to increase 
across most of Canada and decrease in much of eastern Canada, which correlates well with 
the historic temporal and spatial patterns of charcoal anomalies. Flannigan et al. (2005) 
estimated area burned in Canada may increase by 74- 118% by the end of this century in 3 x 
CO 2 scenarios from the Canadian and Hadley GCMs. These estimates do not explicitly take 
into account any changes in vegetation, ignitions, fire season length or human activity (fire 
management and land use activities) that may influence area burned. Lastly, Bergeron (2004) 
found that estimates of future fire activity were less than the historical fire activity (pre- 
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industrial) for many sites across the boreal forest, which adds support for projected estimates 
by demonstrating that the projected fire activity is within the lim its of historical means. 

Specifically, based on Canadian Climate Center climate change scenarios, fire 
weather severity is expected to increase both temporally and spatially in Alaska, Canada and 
Russia. Stocks and Lynham (1996) estimated that Canada and Russia will experience high to 
extreme fire danger conditions across large portions of these countries during the summer 
months. Fosberg et al. (1996) predicted an increase in high fire severity months and an 
increase in the geographic expanse of high fire severity in both Canada and Russia. Stocks et 
al. (2000) found a significant increase in extreme fire danger and an earlier start to the fire 
season in both Alaska and Canada under a 2 x COi scenario. Using four GCMs, Stocks et al. 
(1998) found strong geographic similarities in estimates of fire danger across Canada and 
Russia. Results indicated an earlier start to the fire season, an earlier start in high to extreme 
fire severity, a later end in the fire season, and a dramatic increase in the area under high to 
extreme fire danger. Notably, the area under extreme fire danger in Siberia during the 
summer months was projected to be three times the area affected in Canada. 

Consequently, if the predictions are correct, under the currently warmer conditions in 
Alaska, Canada and Russia, we should expect to find increases in area burned, fire frequency, 
fire season length and/or fire severity. Fire severity is used here to define the severity of a 
fire in terms of the ecosystem. A low- severity fire might partially consume fitter and 
understory (-20%), and in contrast, a high- severity fire might scorch forest crowns (resulting 
in tree death), consume 100% of the fitter and understory, and bum into the soil organic layer. 
Boreal fire regimes are significant because they control the mosaic structure of the forests, 
which in turn controls the amount of carbon stored or released (Harden et al., 2000) and 
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regional- scale albedo (relative reflectivity of the landscape), both of which directly feedback 
to the climate system (Chapin et al., 2000). For instance, Bonan et al. (1992; 1995) used 
model simulations to demonstrate that if the boreal forest was replaced by non- forest 
vegetation there would be significant cooling (albedo increase) and significant warming 
would result from boreal forest expansion (albedo decrease). If fire increases the proportion 
of early successional deciduous forest on the landscape, the resulting increase in albedo in 
both summer and winter and the reduction in Bowen ratio (i.e., proportional decline in 
sensible heat flux) should have a net cooling effect on regional c lim ate (Chapin et al., 2000). 
3.1.2 Current wildfire situation in Siberia 

Even though the genera are equivalent and the species appear similar across the boreal 
zone, northern Eurasian species differentiated during the Quaternary glacial period and 
continued throughout interglacial periods (Tikhomirov, 1963). This resulted in the 
development of unique species assemblages and distinct cold resistant species in Siberia. 

This is important to fire regimes because specific species assemblages (cohorts) and forest 
structure characteristically coincide with specific fire regimes. A case in point is surface fires 
that bum every 20-50 years typically dominate larch [Larix (sp.)] and Pinas sylvestris forests, 
whereas crown fires that bum every 80-300 years characteristically dominate in dark- 
coniferous forests. Dark- coniferous forests are productive, floristically rich, shade- tolerant, 
moisture demanding species assemblages [ Pinas sibirica (Siberian cedar), Abies sibirica 
(Siberian fir) and Picea obovata (Siberian spruce)] that grow with a thick understory 
composed of a variety tree species, ferns and tall herbs, which, when they become dry, 
provide the ladder fuels necessary to sustain extreme crown fires. Because the average 
species composition in Russia is 31% Larix (sp.) and 19% P. Sylvestris (both light- 
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demanding, light- needled forest), the fire regime in Russia has been historically dominated by 
surface fires (Alexeyev and Birdsey, 1998). 

During normal fire years, about 22% of the area burned annually in Russia is by high- 
severity crown fires, and in extreme fire years, the area burned annually represents about 50% 
of the total area burned (Belov, 1976; Korovin, 1996). However, Soja et al. (2004a) found 
that high- severity crown fires dominated 4 of the 5 years from 1998 through 2002 [1998 
(51%); 1999 (24%); 2000 (49%); 2001 (47%); 2002 (59%)]. Extending that relationship, 
based on the relative percentage of large fire events, 2003 was an extreme fire year and 2004 
was a normal fire year. Consequently 5 of the last 7 years or 72% of the years between 1998 
and 2004 have been extreme fire years in Siberia. Although the increase in fire season 
severity is consistent with cunently warmer conditions and with c lim ate predictions, the high 
frequency of “extreme fire years” brings into question what is currently defined as a “normal” 
fire year. 

Since 1995, the Sukachev Institute of Forestry in Krasnojarsk, Siberia has estimated 
area burned using satellite- derived data products (Soja et al., 2004b; Sukhinin et al., 2004). 

In Figure 4, these estimates are compared with other published estimates, and Figure 5 shows 
the distribution of fires across Siberia. Based on the Russian Federal Forest Service (RFFS) 
data, area burned in the warm decade of the 1990s is 29% greater than the area burned during 
the 1980s and 19% greater than the reported 47- year mean reported by Korovin (1996). The 
average difference between the satellite and RFFS data is 55%, however caution is warranted 
when directly comparing the RFFS data to satellite- based data for several reasons. First, 
because Russian Siberia is remote and vast, about 40% of the Russian Forest Fund area was 
not protected, meaning that fire was and is not monitored, controlled or documented by the 
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RFFS (Sofronov et al., 1998; Shvidenko and Nilsson, 2000). However, a substantial portion 
of this territory is located in the far north (tundra and sparse forests), where fires are less 
lik ely to bum. Secondly, historic fire records may have been under-reported before 1988 for 
economic and political reason (Shvidenko and Nilsson, 2000). Additionally, it is suspected 
that the satellite data overestimates some large fire events, and this analysis is currently being 
conducted at the University of Maryland. Even with these considerations, since 1998, both 
the satellite and RFFS data show an increase in area burned, which coincides with the current 
warmer and extended fire seasons, as well as the fire regime change predictions. 

Place figure 4 and figure 5 about here. 

3.1.3 Current wildfire situation in North America 

In boreal North America, fire has been the dominant disturbance regime since the last 
Ice Age. Fire activity is strongly influenced by four factors - weather/climate, fuels, ignition 
agents and humans (Johnson, 1992; Swetnam, 1993; Kasischke and Stocks, 2000; Flannigan 
and Wotton, 2001). Observations of area burned for Canada are available from 1920 to 
present with corrections applied to account for regions with missing data (Figure 6) (Van 
Wagner, 1988). On average, there has been 1.59 mil li on hectares (M ha) burned annually 
since 1920, although there is great year-to-year variability with three years exceeding 6 M ha, 
all of which burned since 1989. Approximately, 3% of the fires are over 200 ha in size, but 
these are responsible for 97% of the area burned (Stocks et al., 2002). These large fires are 
typically stand-renewing crown fires (Figure 7). Lightning- ignited fires account for 80% of 
the area burned in Canada and 90% of the area burned in Alaska. In Alaska, human ignitions 
account for about 85% of the fires but only 10% of the area burned, because people light fire 
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close to bases for fire suppression and at times in places where fire spread is less likely to 
occur (Kasischke et al., 2006; DeWilde and Chapin, in press). 

Place figure 6 and figure 7 about here. 

There has been an increasing trend in area burned over recent decades (Podur et al., 
2002; Gillett et al., 2004; Kasischke et al., 2006) despite no trend in fire weather severity 
(Amiro et al., 2004; Girardin et al., 2004). The increasing trend of fire activity is occurring 
despite increased areas under fire suppression and more efficient fire suppression techniques. 
Gillett et al. (2004) suggested that fire activity in Canada was already increasing as a result of 
greenhouse warming. As shown in Figure 6, the Canadian fire inventory spans 84 years, and 
5 of the 8 largest fire years transpired in the last 17 years (1989 - 2005). 

Alaska is similar to Russia and Canada in that there is a positive trend in area burned 
annually (Figures 4, 6, and 8), although the statistical relationships are not strong. The 
average area burned annually in Alaska is 0.4 M ha, and the variability spans from 1,389 ha 
to 2.72 M ha. Over the 56 years of record, seven of the eleven largest fire years have burned 
since 1988, which is also consistent with the increased number of large fire years in Canada 
and Russia. In Alaska, the largest fire year on record, in terms of area burned, is 2004 (6.8 
times the 56- year mean) and the 3 largest is 2005 (4.7 times the mean). In other words, the 
frequency of extreme fire years has increased across the circumboreal region, and this is 
noteworthy. Additionally, if the area burned fire data for Alaska and Canada are combined, 
the positive linear relationship doubles. Combining these provides a realistic view of North 
American severe fire seasons, because they are largely under the control of continental- scale 
blocking ridges and large-scale weather patterns (Stocks and Street, 1982; Balzter et al., 
2005). 
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Place figure 8 about here. 

Additionally, fire plays a major role in the carbon dynamics of the circumboreal 
region. In Canada, for the 1959-99 period, forest fires released an average of 27 Tg C per 
year, but in some years this exceeded 100 Tg C (Amiro et al., 2001), and in Siberia, an 
average of 203 Tg C was released from forest fires in the years from 1998-2002 (Soja et al., 
2004a). The positive feedbacks of carbon losses from global fire have the potential to be a 
major factor in our changing climate, whereby increased carbon emissions results in a warmer 
and drier climate, which will create conditions conducive to more fire. This in turn will 
increase carbon emissions from fires, which would continue to feed the warming. Although 
this scenario is possible, we believe that the boreal forests will have some lim it to fire 
occurrence, since younger forests tend to be less susceptible to fire and have a cooling effect 
on climate at local to regional scales (Johnson, 1992; Baldocchi et al., 2000; Chapin et al., 
2000 ). 

Fire also has substantial social impacts in the short term through its risk to life and 
property and in the longer term through its effects on subsistence resources. Subsistence is a 
critical component of rural economies throughout the boreal zone (Chapin et al., 2004). 
Although the immediate effect of fire is to reduce availability of subsistence resources, over 
the longer term the early successional vegetation generated by fire is critical to the 
maintenance of important subsistence resources such as berries, moose, and furbearers. 

These resources are both an important component of the diet and critical to maintaining 
cultural ties to the land (Chapin et al., 2003). 

3.2 Increased insect disturbance in Alaska 
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Although not fully appreciated before the 1990s, it is apparent that forest health in 
Alaska is being strongly affected by c li mate change. The connection between warm weather 
and insect outbreaks has been recognized (Berg et al., 2006), but the extreme impact of 
several years in a row of warm, dry summers on the Kenai Peninsula of Alaska on 
populations of forest insects was not expected. The multi-year outbreak of spruce beetle 
( Dendroctonus rufipennis (Kirby)), previously limited by cold, wet climate conditions, 
resulted in about 2.3 M acres (1 M ha) of tree mortality from 1992 to 2000 (National 
Assessment Synthesis Team, 2001) or 90% of the region’s spmce. The statewide spmce 
beetle infestation area mapped in 2004 increased from 2003 by more than 40% to 129 063 
acres (52 232 ha), but was below the peak outbreak level in 1996 (U.S. Department of 
Agriculture, 2005). The increase in the spmce beetle infestation area in 2004 was attributed 
to the record warm temperatures across Alaska in the summer of 2004, allowing outbreaks in 
interior and southwestern Alaska where residual stands of spmce were available despite 
activity during the peak outbreak years (U.S. Department of Agriculture, 2005). On the 
Kenai Peninsula, spmce beetle populations are now returning to endemic levels because 
suitable host trees, mature spmce ( Picea spp.), have been decimated across the region. 

Although this and other incidences in recent years of broad- scale insect infestations 
have been documented across the state of Alaska (U.S. Department of Agriculture, 2005; 
Werner et al., 2005), a connection between cl im ate and insect outbreaks has just recently 
been established through correlations between insect outbreaks, tree ring evidence and 
recorded air temperature (Berg et al., 2006). The outbreak appeared to be triggered in part 
when temperatures became warm enough for beetles to complete their life cycle in one rather 
than two years, suddenly shifting the balance between insects and tree defense in favor of the 
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insect. However, very little has been reported in the literature, and no manipulative studies 
lin kin g the events witnessed in the Kenai Peninsula to warmer c lim ates have been 
documented. Despite this lack of complete documentation, experts agree that c li mate 
warming in Alaska has resulted in increased forest mortality from insects (National 
Assessment Synthesis Team, 2001). Researchers in non-boreal regions have also reported the 
effects of c lim ate change on insect activity (Williams and Liebhold, 1995). Additionally, the 
National Assessment Synthesis Team (2001) stated that the projected warming trend is likely 
to increase the risk of insect disturbances in the future. 

Multi-year outbreaks of spmce beetles, and indeed many forest insects, are not 
unusual (Berg et al., 2006). Many scientists believe these seemingly catastrophic events may 
be important over the long term in maintaining some forest ecosystems (Logan et al., 2003). 
However, few outbreaks have had the impact of the spmce beetle event on the Kenai, in both 
longevity and area. It is apparent that the increased mortality from this and similar outbreaks 
in the Alaskan Interior has begun to modify Alaskan forest ecosystems at broad spatial scales. 

In their 2004 forest health report, the USDA Forest Service states: “Many areas of the state 
have been rendered unsuitable for further, large-scale [spruce] beetle activity due to changes 
in stand structure and composition [from earlier beetle mortality]” (U.S. Department of 
Agriculture, 2005). The extensive change in infestation extent and severity documented in 
recent years has serious implications for vegetation composition and successional trajectory 
changes (Chapin et al., 2006b). 

3.3 Predicted vegetation shifts in montane southern Siberia. 

By the end of the 20 th century, scientifically sound evidence for global warming based 
on both direct weather observations and indirect physical and biological indicators had 
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accumulated (IPCC, 2001). Mountainous regions are of special interest in climate- change 
studies because they are extremely vulnerable lands where ongoing c lim ate change could 
quickly disturb the delicate balance between the natural ecological components within these 
systems (biotic and abiotic). Guisan et al. (1995) stressed that monitoring treeline shifts was 
an excellent tool for detecting the earliest signs of c lim ate change impacts, and mountainous 
regions are located where initial disturbance is expected to be observed. Due to the 
combination of micro- climates, unique soils and complex topography, numerous diverse 
habitats have evolved. Habitats that differ in terms of water and energy resources may be 
located at short distances (hundred meters), in contrast to the plains, where contrasting 
habitats are located at distances of hundreds of kil ometers. The complex environmental 
patterns that occur at short distances across mountainous landscapes create the opportunity 
for species to successfully escape unfavorable habitats and approach suitable habitats 
(refuges) by simple migration. The speed of natural migration corresponds to the distances 
between these habitats. Therefore, many refuges are found across mountains, similar in 
nature to the Tertiary flora refuges that are currently found across the Altai- Sayan Mountains 
(Polozhiy and Krapivkina, 1985). Additionally, in comparison to the plains, mounatins are 
known to have higher biodiversity and a greater number of endemic species (Guisan et al., 
1995). The point here is that becaue these regions are expeced to be a primary region of 
warming and diversity exists within small distances, these are regions where the initial signs 
of change will be found. 

The IPCC (2001) suggested that temperature increases, under current climate change 
scenarios, would result in an upward shift of vegetation zones in mountainous regions. Plant 
species are expected to be redistributed and some are expected to become extinct. Vlasenko 
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(2000) postulated that the c lim ate in the Altai- Sayan Mountains would be similar to that of 
the mid- Holocene, where vegetation elevation belts shifted 200-400 m upwards. Tchebakova 
and her colleagues used models to investigate potential c lim ate change impacts on several 
montane biomes in southern Siberia, which include the Altai (Parfenova and Tchebakova, 
2000); the Sayans (Tchebakova et al., 2001); and Transbaikalia (Parfenova and Tchebakova, 
2000) (Figure 9). These mountains are located within the 50-56° N latitude band and are at 
the lim it of the southern boreal zone. Conservative c lim ate change scenarios, taken from six 
GCMs, were used to model vegetation cover in 2100 (summer temperature increase 2°C, 
annual precipitation increase 20%) (IPCC, 1996). Under this c lim ate change scenario, 
significant vegetation shifts were predicted in every montane region. The mountain tundra 
and highland sparse forest were predicted to remain as only remnants, replaced by montane 
taiga. In addition, the models estimated that the upper treeline would shift upland in 
elevation by about 400 m, and it was predicted that the transitional lowland forest- steppe 
biome would double. The model estimated that the lower treeline was expected to shift 
upwards by about 250 m. The lowland dark- needled taiga dominated by Abies sibirica and 
Pinus sibirica [in Russian geobotanic literature “chem” (black) taiga, a specific type of dark- 
coniferous forest] was predicted to expand across the Altai- Sayan mountains in a warmer 
c lim ate (Parfenova and Tchebakova, 2000). The unique “chem” taiga is a successor of 
broadleaf forests, which were distributed throughout much of Siberia during the mid- 
Holocene warm period, and this relic vegetation cohort has remained since the Tertiary 
period. Chem taiga is a productive and floristically rich forest type with numerous ferns, and 
it thrives in the warm and moist habitat of the Altai- Sayan foot hil ls. Overall, model results 
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indicated both upslope shifts and structural changes in vegetation composition, as the c lim ate 
changed. 

Place figure 9 about here. 

3.3.1 Evidence of vegetation change in montane southern Siberia. 

Warming in southern Siberia during the 20 th century is evident and has manifested 
itself in the current shift in montane vegetation. In fact, the last decade (1990-99) was the 
warmest in the 20 th century, as shown in Table 1. In some regions of the Sayan Mountains, 
winter temperatures have already exceeded those predicted by a Hadley Centre scenario for 
2090, as shown in Figure 10. This example suggests that some of the warming, hence 
change, may be more rapid than predicted. The 21 st century is predicted to be 2- 10°C warmer 
than the 20 th century, while associated warming rates, as suggested from paleo- climatic 
reconstructions, are expected to be the largest in 10 000 years (IPCC, 2001). 

Place figure 10 about here. 

By the end of 20 th century, c lim ate change in montane southern Siberia was evident in 
both the summer and winter (Table 1 and Figures 1 and 10). Average summer temperatures 
[July or average June, July and August (J-J-A)] increased between 0-0. 5°C from 1960- 1999, 
with a significant increase of 1-2°C in the last decade. Average winter temperatures [January 
or an average for December, January and February (D- J-F)] increased tremendously from 1- 
4.5°C for 40 years, with an increase greater than 2-3°C in the last decade. January and July 
temperatures explain 96% of the variance in the growing season duration (Figure 1 1 and 
Table 1). This is important because increases in winter and summer temperatures of only 1°C 
will extend the growing season by 9 days. This is particularly significant in interior, dry 
continental lands, where the temperatures are expected to increase the growing season by 2 to 
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3 weeks. In regions that are moderated by the Atlantic Ocean influence (i.e. Urals), the 
growing season is expected to increase by only 2 to 3 days. Vegetation, insects and fire 
regimes are all strongly influenced by warmer temperatures and the growing season length. 

Place figure 1 1 about here. 

Precipitation patterns are more complicated. In some regions, precipitation has 
remained the same (Transbaikalia). Precipitation on windward slopes in both the Urals and 
the Altai has increased up to 130-260 mm for 40 years due to the stronger Atlantic influence. 
On the other hand, a drastic decrease in precipitation of 230 mm over 40 years has been noted 
on leeward slopes of the Sayans in the interior of Siberia (Table 1). 

Upper treeline shifts have been registered (description from west to east) in the 
southern Urals (Shiyatov et al., 2001), in the Altai (Ovchinnikov and Vaganov, 1999; 

Timoshok et al., 2003), in the Sayans (Vlasenko, 2000; Istomov, 2005) and in the Kuznetsky 
Alatau (Moiseev, 2002). Photos taken of the southern Urals in the 1950s, 1970s, and at the 
end of the 20 th century were compared to measure potential vegetation shifts. In the middle 
of the last century, 10-20% of the top of the Far Taganai mount was covered with spruce 
groves of 1-2 m high; in the 1970s, 30-50% was covered by sparse spruce forests (2-4 m 
high); and currently, spmce trees 5-7 m in height cover 50-80% of the mount. The treeline of 
stocked forests moved 20-40 m upwards and decreased the adjacent tundra by a factor of two. 
Also in the mid- 20th century, the overall tundra distribution was 4-5 times greater than today. 

At this rate of forest advance, the mountain tundra in the Far Taganai mount will rapidly 
disappear. 

In the Altai Mountains, which are famous for their glaciers, the area occupied by 
glaciers decreased notably from 1958- 1998; the aerial extent decreased 7%, while the ice 
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volume of the glaciers decreased 10%. During the 20 th century, the rate of glacial retreat 
varied from 12- 17.5 m per year and up to 25-27 m year (Mikhailov and Ostanin, 2001; 
Narozhnyi et al., 2002). Moraines, left by glaciers, are currently being colonized by highland 
vegetation. During the Little Ice Age, the Big and Small Aktru glaciers advanced down- slope 
and disturbed the forest zone several times during the 16 th and 17 th centuries, and from 1952- 
1998, these glaciers retreated 250 to 450 m. Young larch (Larix sibirica) and Siberian pine 
(P. sibirica) forests that survived in relic forest refuges are currently moving upslope and are 
colonizing the moraines (Timoshok et al., 2003). Additionally, numerous tree rings were 
measured from the upper tree line across the vast montane Altai- Sayan territory, and 
Ovchinnikov and Vaganov (1999) suggested that the extensive tree ring growth was directly 
related to the warmer 20 th century c lim ate. 

In the Western Sayan Mountains, Vlasenko (2000) completed a forest inventory in the 
Sayan- Shush Reserve and found that 6% of the open forests bordering the treeline were 
young P. sibirica , aged between 40-80 years. She concluded that recent climate warming 
caused this forest invasion into the tundra. This relatively abrupt upslope shift in the P. 
sibirica treeline was con fir med by satellite images, which showed a treeline shift of 120 m 
over the last 63 years, with the largest rate of movement beginning in the early 1970s 
(Istomov, 2005). One mechanism for the successful P. sibirica regeneration may be that the 
percentage of full seeds in P. sibirica cones in the open highland forests was recently found 
to have significantly increased (Ovchinikova, personal communication). 

On the lower treeline , lowland “chem” forests (floristically rich with ferns and tall 
herbs) were predicted to shift upslope and to partially replace montane dark taiga in a warmer 
c lim ate (Parfenova and Tchebakova, 2000). In contrast to this prediction, Ovchin nik ova and 
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Ermolenko (2004) concluded that the significantly decreased P. sibirica seed production in 
the “chem” forests in the West Sayan from 1990- 1999 was related to climate change. One 
possible hypothesis is a warmer climate increases moth populations [Dioryctria abietella 
(Schft.)], which damage P. sibirica seeds (Ermolenko, personal communication). In the 
Bargizin Reserve of Transbaikalia, reduction of P. sibirica seed production was also noted in 
the 1990s and related to c lim ate warming (Ananin et al., 2002). Along with poor seed 
production, warmer spring and summer temperatures resulted in other phenological changes. 
For instance, the longer frost- free period resulted in an earlier birch and larch bud burst. 

Also, because precipitation remained the same under elevated spring and summer 
temperatures (increased evapotranspiration), the fire danger situation increased, with an 
associated increase in forest fire occurrence. Increased incidence of anthropogenic fire has 
contributed to a southerly movement of the treeline in Russia (Vlassova, 2002). These 
examples highlight the complexity of interactions between the biotic and abiotic terrestrial 
environment and c lim ate. 

Additionally, in the lowlands of the eastern Sayan Mountains, within the Krasnojarsk 
region, c lim ate warming has resulted in biological shifts in the seed production capability of 
both L. sibirica and P. sylvestris. Specifically, warm falls, characterized by an absence of 
early frosts and a longer growing period, have damaged microsporocytes (mother cells). An 
earlier fall meiosis has caused the species to remain in prophase- 1 over the winter, damaging 
embryonic development, leading to poor pollen quality and low pollen quantity. The result is 
poor cone and seed yield in L. sibirica and P. sylvestris (Noskova et al., 2004), ultimately 
affecting forest composition and structure. 
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The hardiest tree species in the world are found in the forests of East Siberia, where 
the cl im ate is extremely cold and extremely dry (can reach -70°C, Verhoyansk 155 mm mean 
annual precipitation) (Lydolph, 1985). L. gmelinii and L. cajanderi are the only tree species 
capable of growing on the shallow permafrost and cold soils of this extreme environment. 
Because the environment is dry, slow melting permafrost provides the moisture necessary to 

'j 

support forest growth in the summer in this geographically expansive region (> 2 M knr) 
(Walter, 1979). In these dry conditions, under current cl im ate change scenarios, steppe or 
semidesert regions were predicted to succeed the current larch forests (Shumilova, 1962). 
Additionally, permafrost currently lim its the distribution of dark-needled species (P. sibirica, 

A. sibirica and Picea obovata) and light-needled L. sibirica to about 62°N latitude, 95°E 
longitude (Pozdnyakov, 1993). A few small P. sibirica and Abies groves (40-50 years) were 
recently found in the Putorana Plateau (Ivanov, personal communication), a distance of 500 
km from their typical northern treeline. Pozdnykov recognized these refuges in the early 
sixties. 

Retreating permafrost has permitted the continued northward migration of dark- 
needled species. Currently, permafrost degradation in the mountains around Lake Hovsgol, 
Mongolia, has been extreme (Sharkhuu, 2003). We hypothesize that in the near future, P. 
sibirica undergrowth will appear in larch forests currently found around the lake. In addition, 
Moiseev (2002) recently postulated the stand age structure and intensive larch regeneration at 
the Kuznetsky Alatau treeline over the last 30 years was directly related to c lim ate warming. 

The upper and lower treelines of the mountainous regions across southern Siberia 
have been altered in response to the currently warmer conditions, as predicted. The 
modification of this landscape manifests itself by: (1) species direct progression northward or 
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upslope of previous climatological limits; (2) the modification of species ability to reproduce; 

(3) altered soil properties (permafrost) and ecological conditions; and/or (4) increased fire 
disturbance regimes, which modifies the environment and alters species composition. These 
large-scale modifications of the landscape feedback to the regional energy and water 
balances, thus continuing to influence regional- to global- scale weather and climate. 

3.4 Predicted vegetation change in Alaska 

Evidence has been mounting that shows plant growth at Northern latitudes has 
increased (Myneni et aL, 1997; Sturm et al., 2001; Tape, 2004). Studies have also shown that 
interior Alaska has experienced warmer growing season temperatures since 1950 (Barber et 
al., 2000; Keyser et al., 2000; Juday et al., 2003; Hinzman et al., in press). Using historic 
Advanced Very High Resolution Radiometer (AVHRR) satellite imagery from 1981 to 1991, 
Myneni et al.(1997) found vegetation indices had increased over the decade of record north of 
45° N latitude, which suggested plant growth had increased. Sturm et al. (2001) showed 
similar evidence from historic photographs of areas in Alaska. However, since 1990, the 
satellite- based Norma liz ed Difference Vegetation Index (NDVI) in boreal Alaska has 
declined, suggesting drought- induced declines in growth, whereas NDVI in the cooler wetter 
tundra has continued to increase (Angert et al., 2005; Goetz et al., 2005). Furthermore, recent 
Alaskan studies demonstrated that a complex relationship exists between c lim ate and tree 
growth (Barber et al., 2000; Lloyd and Fastie, 2002; Barber et al., 2004; Wilmking et al., 
2004), and in particular, population- wide white spmee [Picea glauca (Moench (Voss))] 
response to warmer temperatures at the treeline is not straightforward and is not 
unconditionally increasing (Wilmking et al., 2004). 


25 



In the late- 1960s, in several forestry schools across the United States, a forest 
modeling approach developed based on simulating a forest by computing the birth (or 
planting), growth and death (thinning or harvest) of plantation forests. This emphasis on 
tracking individual trees was soon taken up by forest ecologists interested in the simulation of 
forest structural and compositional changes in forest succession and in response to 
environmental gradients (Shugart, 1998). One of the features of these early individual- based 
forest simulators (Huston et al., 1988) was geometrically elaborate computation of the effect 
of each tree on the others through shading or the use of nutrient and/or water resources. One 
simplification of the rather laborious calculations was to assume the competitive interactions 
were primarily occurring on a plot of land that was roughly the size of a very large canopy 
tree. This is the space scale of a gap in a forest canopy associated with a large tree’s death. 
Hence, this class of models was termed “gap models” (Shugart and West, 1980). More 
powerful modem computers have lifted the computational li mitations that mandated the gap 
model’s competition- simplification. Nowadays, “gap model” refers to individual- based 
models of natural multi- species forests with natural regeneration. 

Gap models provide a quantitative tool for evaluating the effects of c li mate change on 
forests (and other) ecosystems. The entry of these models into c li mate change evaluation was 
initially in reconstructing the expected forests under past cl im atic conditions (Solomon et al., 
1980; Solomon and Webb III, 1985). These paleoecological applications lead naturally to an 
interest in applying the models to predict the expected forests under future, novel c lim ate 
conditions — such as those expected from “greenhouse warming” associated with elevated 
concentrations of CO 2 and other radiatively active gasses in the atmosphere. 
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In the early 1990s, Bonan et al. (1989b) and Smith el al. (1995) used a boreal forest 
gap model to assess c lim ate change effects to the forest in the vicinity of Fairbanks, Alaska. 
They investigated the responses to several cl im ate change predictions from general 
circulation models for several hundred years on 100 simulated plots and for conditions 
associated with north- facing and south- facing slopes. The cold forests of black spruce 
growing on north- facing slopes were largely unaffected by c lim atic warming, but the warmer, 
white spmce forests of the south- facing slopes were strongly affected by the predicted 
changes in climate (Figure 12). Conditions on the south-facing slopes were outside the 
ecological conditions under which the common tree species near Fairbanks are known to be 
able to persist. For white spmce, the limiting condition appeared to be moisture stress 
brought on by the elevation in evapotranspiration associated with warmer temperatures. 

There were several important implications to this model based study. First, the response to a 
cl im atic warming for the region was heterogeneous particularly with respect to landscape 
conditions. Effects were negative on south facing slopes and positive (or neutral) on tree 
performance on north- facing slopes. Presumably, this latter result should also hold in Black 
Spruce- dominated cold and poorly drained sites. Second, the increased productivity one 
might expect from a warming in this location in the middle- to upper- range of the boreal 
forest zone was moderated by moisture stress. Third, none of these effects are in the 
repertoire of larger spatial scale homogeneous models used for many of the international 
assessments of the feedbacks among climate change, vegetation performance and the global 
carbon budget. 

Place figure 12 about here. 
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When landscape processes of fire, succession, and migration are incorporated into 
boreal simulations, the changes predicted by gap models for specific sites are magnified in 
extent. Warming will likely increase the proportion of early successional forests on the 
landscape and could increase the areal extent of grasslands to create an aspen parkland 
(Starfield and Chapin, 1996; Rupp et al., 2000). 

3.4.1 Decreased white spruce growth in Alaska 

Over a decade after model-based studies, several detailed investigations have 
demonstrated that the relationship between vegetation and c lim ate is indeed complex, as 
suggested by the models, and that increased treeline productivity due to warmer temperatures 
at Northern latitudes may not be as straightforward as had been thought. For instance, Lloyd 
and Fastie (2002) investigated the response of trees growing at the cold margins of the boreal 
forest to c lim ate variation in the 20th century. By comparing tree growth (measured tree 
ring- widths) to historic c lim ate data they found regional variability in response to c lim ate 
variation. After 1950, warmer temperatures were associated with decreased tree growth in all 
but the wettest regions. The study also showed substantial variability in response to cl im ate 
variation according to distance to treeline. Specifically, tree growth at sites below the forest 
margin was inhibited more often than at sites at the forest margin. Consequendy, the Lloyd 
and Fastie investigation showed that growth declines were most common in the warmer and 
drier sites, and thus supports the hypothesis that drought- stress may accompany increased 
warming in the boreal forest. 

In another investigation, Wilmking et al. (2004) collected tree ring samples from 1558 
white spmce at treeline sites in Alaska. Tree core samples were compared with mean 
monthly temperature and total monthly precipitation records from the early 1900s to the 
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present. Results showed no correlation to cl im ate for 25% of the samples. For 40% of the 
white spruce sampled, a statistically significant relationship showed warmer July 
temperatures resulted in decreased growth, whereas warm spring conditions enhanced growth 
of 36% of trees. Opposing growth responses were present in all sites, but with varying 
proportion of impact on net growth. Wihiiking and colleagues highlight tree growth as 
having temperature thresholds where, in the case of warm July temperatures, little change in 
radial growth was apparent at temperatures <~16°C, whereas a strong significant negative 
relationship between July temperature and growth was found for temperatures >~16°C. 
Similarly, the spring temperature effects were apparent above certain threshold temperatures, 
but only after 1950. 

Additionally, Barber et al. (2000) documented a negative growth response in Alaskan 
white spmce to drought. In tree- ring studies near Fairbanks, Barber et al. (2000; 2004) used a 
combination of analysis of late wood rings and the d C isotope ratios to investigate the 
effects of historical mns of warmer- than- usual decades on white spruce. Barber and her 
colleagues found evidence of the same moisture- stress-mediated effect predicted by the 
earlier gap model study. 

Notably each of these investigations came to the same conclusion (seemingly 
independently) of the model- based study over a decade before. Results from the Lloyd and 
Fastie and Wihnking et al. investigations suggested that inverse responses to temperature 
were widespread, affecting even the coldest parts of the boreal forest. The authors of these 
two studies point out that the observed responses to temperature may be induced by indirect 
effects, such as increased shrubbiness, warming of the permafrost, or changes in the nutrient 
regime. Positively responding trees from springtime climate changes may be a result of the 
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documented lengthening of the growing season in the north (Myneni et al., 1997). 

Differences detected between study sites in central Alaska versus sites in northern Alaska, 
may reflect the onset of snowmelt at the sites (Wilmking et al., 2004). The studies reveal that 
some of the model- based predictions of increased carbon uptake due to a warming northern 
c lim ate may be imprecise, as impacts of warming on permafrost conditions can modify soil 
water availability and can result in increases in drought stress during summer months. 

Having identified a need to account for the landscape- scale environmental responses 
of different boreal zone tree species, work is now underway to produce a regional scale 
version of the same type of gap model used in the Fairbanks study. An in itial East Eurasian 
prototype has been developed (Yan and Shugart, in press) and climate-change-related 
inspections are being developed. 

4.1 Conclusions 

Scient if ic evidence of the transformation of landscapes due to changes in c lim ate is 
mounting throughout the circumboreal zone in Alaska, Canada and Russia. In this 
investigation, we reviewed previous predictions of climate- induced landscape- scale change in 
an effort to determine whether the currently warmer conditions have resulted in the predicted 
effects. We found that the predicted keystone indicators of in itial change demonstrate that 
alterations in ecosystems are currently underway. Given the increases in temperature in 
boreal regions over the last decades, these modifications of the landscape are in agreement 
with modeled predictions. In some instances the warming and/or the effect of warming is 
more rapid than predicted, suggesting potential non-linear rapid change, as opposed to a slow 
linear progression of change. 
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Specific ecological indicators of “predicted” climate-related change found in this 
investigation include: (1) the progression in elevation of the lower and upper treelines in the 
southern mountains across Russia; (2) a decline in the growth and health of white spmce trees 
in Alaska; (3) an increase in landscape- and regional- scale infestation in Alaska; (4) an 
indication of increased area burned by fire in Alaska, Canada and Russia; and (5) an increase 
in the number of large (or severe) fire seasons in Alaska, Canada and Siberia. 

Not only is the boreal region significant as an area where the initial signs of climate- 
induced change are expected, but this region is also notable because it has the size and 
ecosystem contrasts necessary to influence cl im ate through feedbacks to the c lim ate system. 
Current species composition may be altered direcdy through changes in c lim ate or indirectly 
through wildfire and infestation disturbance (Weber and Flannigan, 1997; Dale et al., 2001). 
Alteration of these ecosystems will affect short- and long-term carbon storage within the 
ecosystems, which is significant considering that the boreal region stores the largest pool of 
terrestrial carbon. Additionally, changes in the mosaic pattern of the landscape alter 
landscape- and regional- scale albedo, which is a direct feedback to the solar radiation balance 
and c lim ate. 

Having identified a host of direct and indirect alterations of ecosystems across the 
circumborcal. which have the potential to feedback to the cl im ate system, we look forward to 
the inclusion of an interactive biosphere in global models that anticipate future c lim ate 
change. 
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Figure Captions 


Figure 1 

Trends in c li mate over recent time. (A) Monthly trends in temperature over lime. (B) Trend 
in annual precipitation over time. Reprinted with permission from the IPCC (2001). 

Figure 2 

Boreal biosphere interaction with climate. 

Figure 3 

Outbreak dynamics of the Siberian moth ( Dendrolimus superans sibiricus ) in Krasnojarsk, 

Siberia, reported in milli ons of hectares (M ha) of area damaged. Modified from 
Baranch ik ov et al. (2002). 

Figure 4 

Area burned in Russia. Data for this graph was taken from several sources: 

Forest Service - Ground data from the Russian Federal Forest Service (Shvidenko and 
Goldammer, 2001; Goldammer, 2003; Goldammer et al., 2003); 

Sukachev - Satellite- based data (Soja et al., 2004b; Sukhinin et al., 2004). These data are for 
Russian Siberia only, which extends from east of the Urals to the Far East coast. Fire in 
European Russia is estimated to be an average of 10% of the total area burned annually. The 
years 1996 and 1997 were originally processed with a different algorithm and then 
reprocessed to include larger fires with available AVHRR Local Area Coverage data; 

1987 - Satellite-based data (Cahoon et al., 1994). Area burned estimates were calculated 
from only a portion of Siberia in the Amurskia and Chita regions; 

1992 - Satellite-based data (Cahoon et al., 1996); and 
1998 - Satellite-based data (Conard et al., 2002). 
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For consistency, the linear regression is for the Russian Federal Forest Service data only. 

Figure 5 

Figure 5a Figure 5b 

Satellite- derived fires in Siberia from 1995 through 2005. 

Figure 6 

Area burned annually in Canada reported in mil li ons of hectares (M ha). Note the increase in 
the number of extreme lire years over the last decades. 

Figure 7 

Large fires in Alaska and Canada from 1980 through 1999. 

Figure 8 

Area burned annually across North America reported in mi lli ons of hectares. Area burned is 
shown separately for Canada and Alaska and the cumulative area burned for North America 
is also shown. Note the recent increase in extreme fire years in Alaska, Canada and North 
America. 

Figure 9 

Vegetation distribution in Siberia: (A) current and (B) future (2100) based on a Hadley 
scenario (HadCM3GGal) (IPCC, 1996). Water (0), tundra (1), forest-tundra (2), northern 
dark taiga (3) and light taiga (4), middle dark taiga (5) and light taiga (6), southern dark taiga 
(7) and light taiga (8), forest-steppe (9), steppe (10), semidesert (11), broadleaved (12), 
temperate forest- steppe (13) and temperate steppe (14). 

Figure 10 

Climate change over the Sayan Mountains: observations from 1980-2000 (left) and predicted 
(right) by a Hadley Centre scenario (HadCM3GGal) for 2090. Winter temperatures have already 
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exceeded 2090 model estimates, while summer temperatures have not. Patterns of precipitation 
are currently difficult to predict, particularly at the GCM scale. 

Figure 11 

Mean monthly temperatures recorded from the Davsha, Siberia station and projected mean 
monthly temperatures from a 2°C warmer scenario. Monthly temperatures cross the 5 °C 
threshold twice, once in the spring and once in the fall. The warm days between these dates 
are used to determine long-term Growing Season length (GS). Even though GS is a function 
of temperature in all months, the GS can be approximated using January minimum and July 
maximum temperatures (positive degree days, L, defined in Table 1) or using the slope of the 
line, which results in an extension of the GS by 17.44 and 16.45 days, respectively, in this 
example. 

Figure 12 

Application of a gap model to predict the dynamic response of forests associated with the 
current c lim ate and two different c lim ate change scenarios for forests growing in the vicinity 
of Fairbanks, Alaska, a. The monthly temperature and precipitation for Fairbanks and 
equivalent information from the GISS (Hansen et al., 1988) and GFDF (Manabe and 
Wetherald, 1987) c li mate simulation models. Note the elevated winter temperatures in both 
models, b. Control case is the average of 100 gap models simulations for forest change over 
150 years on north- facing slopes. The transition from the current c lim ate to the new c lim ate 
occurred incrementally over the first 50 years in the GISS and GFDF cases. The only tree 
species that occurs in these conditions is Black Spmce ( Picea marina). The effect of the 
transition to a warmer CO 2 - effect c lim ate is to slightly increase or have no effect on the 
simulated Black Spmce forest, c. Average of 100 gap model simulations of forest change 
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over 150 years on south- facing slopes. The three species that normally occur in these settings 


(control case) are e li minated from these sites with c lim ate warming. [Modified from Bonan 
(1988)]. 
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Station, 
(Lat, Lon, Alt) 

Tw ?T W 

T s 

?T S 

?l 5 

Pa 

?Pa 

The Urals (Shiyatov et al., 2001): Taganai (55°22’N, 59°55’E, 1102 m) 

Before 1960 

-14.3 

12.3 



690 


1961-1988 

-14.1 +0.2 

12.6 

+0.3 

+2.5 

955 

+265 

Zlatoust (55°10’N, 59°40’E, 457 m) 

Before 1960 

-15.5 

16.4 



570 


1961-1990 

-14.5 +1.0 

16.5 

+0.1 

+2 

710 

+140 

1991-1999 

-12.5 +2.0 

16.4 

-0.1 

+1.5 

645 

-65 

The Altai (Narojnyi et al., 2002; Yaskov et al., 2001): Kara-Tyurek (49°35 N, 86 °20’E, 2600 m) 

Before 1960 

-15.1 

5.2 



752 


1961-1998 

-13.2 +1.9 

5.7 

+0.5 

+6 

882 

+130 

Kosh-Agach (50°N, 88 °40’E, 1760 m) 

Before 1958 

-32.1 

12.0 



110 


1958-2000 

-27.6 +4.5 

12.3 

+0.3 

+7.5 

120 

+10 

Mongun-Taiga (western Tyva), transient between the Altai and Sayan Mts: 



Mugur-Aksy (50°20’N, 90°25’E, 1860 m) 






1975-1990 

-20.4 

13.2 



165 


1991-1999 

-19.7 +0.7 

14.3 

+1.1 

+9.5 

170* 

+5 

The Sayans : East Sayan, Krasnoyarsk (56°04’N, 92°45’E, 276 m) 

Before 1960 

-17.1 

18.7 



485 


1961-1990 

-16.0 +1.1 

18.4 

-0.3 

-1 

485 

0 

1991-1999 

-14.0 +2.0 

19.7 

+1.3 

+12.5 

496 

+11 

West Sayan, Yermaki (53°20’N, 93°25’E, 300 m) 

Before 1960 

-19.3 

18.4 



585 


1961-1990 

-18.1 +1.2 

18.4 

0 

+1.5 

550 

-35 

1991-1999 

-15.9 +2.2 

20.0 

+1.6 

+15 

592 

+42 

Oleniya Rechka (52°48’N, 93°14’E, 1400 m) 

Before 1960 

-19.5 

12.3 



1515 


1961-1990 

-18.0 +1.5 

12.1 

-0.2 

0 

1242 

-273 

1991-1999 

-17.3* +0.7 

13.6* 

+1.5 

+12.5 

1156** 

- 

Transbaikalia (Ananin et al., 2001), Davsha (52°20’N, 109°32’E, 489 m) 

Before 1960 

-23.2 

10.9 



436 


1961-1990 

-23.1 0.1 

12.2 

+1.3 

+10 

402 

-34 

1991-1999 

-21.1 +2.0 

14.3 

+2.1 

+18.5 

442 

+40 

Mongolia (Nandintsetseg, 2003), Lake Hovsgol (about 50°N, 100°E, 1300 -1650 m) 

1970-2002 

+3.2 

- 

+2.4 

+22.5 

- 

- 


Table 1 Climate change data taken from ground stations across montane southern Siberia. 
The purpose of these data are to demonstrate change over recent decades, as compared to 
earlier in the 20 th century [Tw -temperature of January or winter (D- J-F) months; Ts - 
temperature of July or summer (J-J- A) months; P a - annual precipitation; * - a 2-year break in 
the record; ** - indicates 5 -year break in the record; Ls - days with continuous temperature 
above 5°C calculated from the formula found for 145 stations located throughout Siberia; L = 
25.3 + 1.14(T W ) + 7.85(T S ), R 2 = 0.96, std err 5.6 days. 


48 





































(a) DJF temperature trends, 1 976 to 2000 (b) MAM temperature trends, 1 976 to 2000 
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Figure 1. Trends in c lim ate over recent time. (A) Monthly trends in temperature over time. 
(B) Trend in annual precipitation over time. Reprinted with permission from the IPCC 
( 2001 ). 
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Figure 2 

Boreal biosphere interaction with climate. 



Figure 3 

Outbreak dynamics of the Siberian moth ( Denclrolimus superans sibiricus) in Krasnojarsk, 
Siberia, reported in millions of hectares (M ha) of area damaged. Modified from 
Baranch ik ov et al. (2002). 
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Figure 4 

Area burned in Russia. Data for this graph was taken from several sources: 

Forest Service - Ground data from the Russian Federal Forest Service (Shvidenko and 
Goldammer, 2001; Goldammer, 2003; Goldammer et al., 2003); 

Sukachev - Satellite- based data (Soja et al., 2004b; Sukhinin et al., 2004). These data are for 
Russian Siberia only, which extends from east of the Urals to the Far East coast. Fire in 
European Russia is estimated to be an average of 10% of the total area burned annually. The 
years 1996 and 1997 were originally processed with a different algorithm and then 
reprocessed to include larger fires with available AVHRR Local Area Coverage data; 

1987 - Satellite-based data (Cahoon et al., 1994). Area burned estimates were calculated 
from only a portion of Siberia in the Amurskia and Chita regions; 

1992 - Satellite-based data (Cahoon et al., 1996); and 
1998 - Satellite-based data (Conard et al., 2002). 

For consistency, the linear regression is for the Russian Federal Forest Service data only. 
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Figure 5a Figure 5b 

Figure 5 

Satellite- derived fires in Siberia from 1995 through 2005. 
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Figure 6 

Area burned annually in Canada reported in mill ions of hectares (M ha). Note the increase in 
the number of extreme fire years over the last decades. 



Figure 7 Large fires in Alaska and Canada from 1980 through 1999. 
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Figure 8 

Area burned annually across North America reported in mil li ons of hectares. Area burned is 
shown separately for Canada and Alaska and the cumulative area burned for North America 
is also shown. Note the recent increase in extreme fire years in Alaska, Canada and North 
America. 
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Figure 9. 

Vegetation distribution in Siberia: (A) current and (B) future (2100) based on a Hadley 
scenario (HadCM3GGal) (IPCC, 1996). Water (0), tundra (1), forest-tundra (2), northern 
dark taiga (3) and light taiga (4), middle dark taiga (5) and light taiga (6), southern dark taiga 
(7) and light taiga (8), forest-steppe (9), steppe (10), semidesert (1 1), broadleaved (12), 
temperate forest- steppe (13) and temperate steppe (14). 
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Longitude Longitude 
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FigurelO. Climate change over the Sayan Mountains: observations from 1980-2000 (left) and 
predicted (right) by a Hadley Centre scenario (HadCM3GGal) for 2090. Winter temperatures 
have already exceeded 2090 model estimates, while summer temperatures have not. Patterns of 
precipitation are currently difficult to predict, particularly at the GCM scale. 
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Figure 11 

Mean monthly temperatures recorded from the Davsha, Siberia station and projected mean 
monthly temperatures from a 2°C warmer scenario. Monthly temperatures cross the 5 °C 
threshold twice, once in the spring and once in the fall. The warm days between these dates 
are used to determine long-term Growing Season length (GS). Even though GS is a function 
of temperature in all months, the GS can be approximated using January minimum and July 
maximum temperatures (positive degree days, L, defined in Table 1) or using the slope of the 
line, which results in an extension of the GS by 17.44 and 16.45 days, respectively, in this 
example. 
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Figure 12 

Application of a gap model to predict the dynamic response of forests associated with the 
current climate and two different climate change scenarios for forests growing in the vicinity 
of Fairbanks, Alaska, a. The monthly temperature and precipitation for Fairbanks and 
equivalent information from the GISS (Hansen et al., 1988) and GFDL (Manabe and 
Wetherald, 1987) climate simulation models. Note the elevated winter temperatures in both 
models, b. Control case is the average of 100 gap models simulations for forest change over 
150 years on north- facing slopes. The transition from the current c lim ate to the new c lim ate 
occurred incrementally over the first 50 years in the GISS and GFDL cases. The only tree 
species that occurs in these conditions is Black Spruce {Picea marina). The effect of the 
transition to a warmer CO 2 - effect c lim ate is to slightly increase or have no effect on the 
simulated Black Spruce forest, c. Average of 100 gap model simulations of forest change 
over 150 years on south- facing slopes. The three species that normally occur in these settings 
(control case) are e lim inated from these sites with c lim ate warming. [Modified from Bonan 
(1988)]. 
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